An obvious way to remove these inherently combustible liquids is by burning. There materials are to be used eventually in one or another form of combustion. A significant amount of research in combustion, however. has been directed toward some particular commercial process, such as improved burning in the internal combustion 4 Refen ese are found on page 39 of thia report engine. A gap exists between the knowledge available on the fundamentals of combustion and that resulting from research on specific processes or systems. This report attempts to elucidate some combustion phenomena associated with unconfined liquid fuel burning.
Burning of unconfined fuel layers on water has not been studied previously. The question of whether burning can occur involves processes taking place in the fuel liquid phase. Glassman and Hansel at Princeton pointed out 2 the importance of liquid phase processes in flame spreading over liquid fuels when the fuel had a flash point above ambient temperature. Glassman's work was devoted to confined liquid fuels and showed the role of convective currents in heating the fuel ahead of the flame front to the flash and fire points.
Unconfined fuels on the water move dramatically under the effects of a flame. Their equilibrium properties may be estimated, but the changes caused by the intense heat of a flame have not been studied previously. Observations of fuels burning both confined and unconfined on water are described in this report. Explanations to account for the observed phenomena are presented.
II. THEORY
The equilibrium behavior of unconfined fuel layers on aqueous substrates has been studied by several investigators. 3 ' 4 '
5 Application of these principles to burning fuel lenses also requires some knowledge of fuel volatility. The surface characteristics wf liquid, hydrocarbon lenses and the volatility of hydrocarbon fuels are considered in this section with the; aim of estimating their flammability.
A. Fuel Lens Formation
Hydrocarbons and petroleum fuels with high surface tensions such as decane or kerosene form a flattened lens when poured onto a water surface. A representative cross section is shown in Figure 1 .'
The shape of the lens and its thickness are dependent on the surface properties and density of the particular lens material.
An expression to describe some of the properties of a lens 6 may be derived as follows.
In order to have physical equilibrium between a film of liquid 2 over liquid 1, it is necessary that the surface forces be balanced over the respective surface areas. Consider the fuel lens on water as shown in Figure 1 . A1 is the area of the air-liquid I interface; A 2 is the area of the air-liquid 2 interface;
A12 is the area of the interface between the two liquids. The film is assumed to be thick enough to prevent either its uppor or lower surfaces from influencing one another. At constant temperature and pressure a small change in the surface free energy G of the system is given by the total differential. wh~re P 1 %nd p. are the densities of water and the fuel, respectively, AP a 0 C 0 2 , and g is the acceleration due to gravity.
Thus, the lens thickness is a function of -he fuel spreading coefficient, fuel density, and water density. The spreading coefficient, in turn, is a function of the fuel and water surface tensions and their interfacial tension.
B. Fuel, volatil-ity
In order to burn, a liquid fuel must vaporize in sufficient quantity to form a combustible vapor-air mixture. This mixture mast be continuously replenished by air and fuel at a rate sufficient to mai.tain combustion.
One of the most widely used indications of fuel flammability is flash point. This is defined as the lowest fuel temperature at which a test flame causes the vapor above the liquid sample to ignite.
The apparatus and method used for flash point determination are described in ASTH and Federal Test Method manuals. The volatility of a fuel may be defined as its tendency
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to vaporize under given conditions. It is controlled for specification and manufacturing purposes by distillation test and vapor pressure test. 9 The volatility or vapor pressure of a material may be greatly increased by the addition of only a small amount of highly volatile contaminants.
For example, deaane is not considered flammable at room temperature (20-25°C) because its flash point (46°C) 10 is higher than room temperature, However, the addition of a very low flash point hydrocarbon such as hexane (-23°C) 10 can give a mixture with much higher volatility than the original decane. The amount needed to produce a combustible fuel-air mixture above the liquid may be estimated from the volatility of the liquid mixture and the flammability limits of the resulting fuel-air mixture. 
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A + r- It can be seen that if one has a relatively non-volatile hydrocarbon, such as decane, with a high flash point, the flash point may be lowered to ambient temperature by addition of hexane.
The amount calculated from Equation (4) was 0.061 mole fraction of hexane at 20 0 C. Affens' equation thus gives a quantitative method to modify a liquid hydrocarbon mixture to obtain a given flash point.
III. EXPERIMENTS AND RESULTS
The flash point of a binary, liquid, hydrocarbon mixture should be predictable using Equation (4). One should also be able to selectively modify the flammability of a fuel by changing its volatility. Simple expeiments were carried out to test these principles with confined fuels, or fuels which were not allowed to spread freely over the substrate. The volatility of unconfined fuel lenses on aqueous substrate were then modified to increase their flammability. hexane is rapidly lost by diffusion to the surroundings. The hexane content of thM mixture decreases as the hexane preferent'ally evaporates.
The fuel will not flash when the hexane concentration is reduced.
Addition of volatile hydrocarbons to heavier hydrocarbons can thus produce solutions which have combustible mixtures above them.
A series of experiments were carried out with several hydrocarbon materials in pans to produce sustained fires. Addition of a mixture of hexane and decane to paraffin :l consistantly led to a sustained fire while addition of only hexane did not.
B. Fuel Lens Characteristics
The properties of fuel lenses on water were studied experimentally to extend predicted behavior to systems of practical interest. Some basic characteristics of a lens which depend on its surface tension and spreading coefficient wert. measured first.
The lens thickness is dependent on the spreading coefficient, 
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volume of 41 ml of each hydrocarbon at 24 C.
The lens radius for commercial grade hydrocarbons was also found to increase with time after lens formation. The effect is shown in Figure 3 for commercial grade decalin. It may be attributed to an aging effect where surface active sustances diffuse to the newly formed lens surface and reduce the surface tension. The aging effect for lauryl sulfonic acid in the surface of its aqueous solution was studied by McBain ahad Wood. 13 They measured the concentration of acid in the surface laver and found that its increase with time after the surface formation corresponded with the decrease in surface tension.
The decalin used in these experiments was purified by percolation through a column of activated charcoal. The percolated decalin formed a lens with a thickness much closer to t . These lenses did not show the aging effect mentioned above for unpercolated decalin.
The surface tension of hydrocarbons is inversely proportional to temperature. Two examples of the effect of temperature on surface tension are shown in Figure 4 . 14 The spreading coefficient will also change but in a more complex fashion since it is also a function of the water surface tension and the interfacial tension at the fuelwater interface. For example, if the water substrate temperature remained essentially constant while the decane temperature rapidly increased, the fuel surface tension at which the spreading coefficient will go to zero can be calculated from Equation (2) . Larger amounts of hexane were added to the kerosene to maintain burning for a longer time. However, the lens spread to a thin film covering the entire water surface within the pan. Although the mixture was easily ignited, the vapors burned only a short time.
The flame extinction may have been due to cooling of the thin fuel layer below its fir* point by the water substrate. The fuel must be at a temperature above its fire point to continue burning.
The substrate temperature was 2025 0 C while the fire point of the fuel would have been greater than SO°C.
A comparison was made for a heavy oi burning in confined and unconfined modus to study this concept. In these experiments mixtures of SO ml of Squibb's Nineral Oil, 20 ml of decane, and 10 ml of hexane The thin oil layer on water from the second experiment must have cooled below its fire point while in close contact with the aqu--us substrate. Once the fuel tempe-ure fell below the fire point, the fire went out. The thick oil layer in the petri dish, however, maintains the fire point at its surface by its own insulating proporties.
Hydrocarbons have much lower thermal conductivities than water.
C. Lens Modification
Experiments in the previous section showed that thicker fuel layers of high flash fuels burned better than thin films of the same fuel The high molecular weight polymer, Vistanex, is commonly used as a viscosity index improver. About 1% of Vistanex was dissolved in kerosene by stirring. This solution was thick and had a much lower (more than 1000C) flash point than the lubricating or paraffin oils.
About 5 ml of the solution formed a lens of 2.75 cm radius on water at 27.9 0 C. After adding 1.0 ml amount of hexane and lighting it, this mixture burned to completion on water. Only a thin film of polymeric material remained on the water surface.
The possibility of flame spreading from a thickened lens to unthickened fuel was also briefly studied. A few mls of Vistanexke sene solution were burned on water as above. Some additional unthickened kerosene was added adjacent to the burning lens. The fire did not spread to the unthickened kerosene. In fact, the unthickened fuel seems to be repelled by the burning lens. A depression formed in the unthickened fuel adjacent to the fire resulting in a very thin fuel film. This film should have been close to the substrate temperature (28 0 C) and thereby could not support a flame. As the fire subsided, the unthickened fuel did not show any tendency to flow into the burning area. The fire went out without burning the unthickened fuel.
The effect of some M-4 thickener (diacid aluminum soap of isooctanoic acid) on the burning of an unconfined fuel lens on water was also examined. The thickener dispersed easily into the kerosene when spr.ikled onto the lens. Some materials which would modify the surface characteristics of fuel lenses were also examined. Methylene iodide has a very low spreading coefficient (-26) compared with typical hydrocarbons (eg.
hexadecane, -9).
A mixture of methylene iodide and a hydrocarbon should form a thick lens according to Equation (3).
The lens diameter of kerosene did not appear to be affected by saturation with methylene iodide. A silicon-based antifoam spray which reduces hydrocarbon surface tension was also examined, When sprayed onto a kerosene lens on water, it reduced the size of the lens. However, the lens would not ignite. In fact, a burning lens of thickened kerosene was extinguished by a slight spray of the antifoam. Apparently the antifoam agent inhibits combustion.
D. Ngregate Lens Burning
Finely powdered, activated charcoal has the dramatic ability to foster the burning of liquid fuel lenses on water when the ambient temperature is below the flash point of the fuel. The charcoal is preferentially wetted by the organic phase. The lens is then easily
ignited by an open flame and burns to completion.
The mechanism of the ignition and burning is not completely understood, but it is tentatively described as follows. The charcoal apparently forms an internal, aggregated structure within the lens. Wind complicates the distribution of charcoal onto the fuel.
hinders the ignition of the fuel, and tends to extinguish fires of low intensity. In short, wind is detrimental in almost all phases of the operation. It is of some value in bringing fresh air to a large, vigorously burning fire.
The principles of burning of unconfined liquid fuels on water have a number of applications. More efficient flame weapons say be developed for burning on water. Very volatile fuels such as gasoline burn easily on water but are quickly consumed due to their Aigh volatility and high surface area v> volume ratio. 'enses of lower volatility fuels such as kerosene form a much thicker layer on water.
These thicker lenses burn for a such longer time and present a greater capacity for thermal damage.
V. CONCLUSIONS
Activated charcoal was shown to promote initi"-. and continued burning of lenses of high flash point fuels on water. The charcoalfuel lens held its original shape during burning. The residue ini most cases was a dry powder cake which could be esily collected and reused. Several model compounds and fuels wvre burned in laboratory experimmts using this method. Large scale field tests have not been carried out. but there are not any foreseeable problems in application of the method to burn off large oil spills in remote locations, The residue remaining after burning may be left to the elements to eventually sink to the sea bottom, or it may be collected ior rouse.
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